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Reduced graphene oxide 
Sodium-ion battery 
a b s t r a c t 
Ultrathin SnS 2 layers with high theoretical specific capacity displays promising advantages as an anode in sodium 
storage systems. However, their poor conductivity and large capacity loss during charging/discharging process 
are urgently needed to be addressed. Herein, an exotic hierarchical SnS 2 /carbon nanotube@reduced graphene 
oxide (SnS 2 /CNT@rGO) composite has been designed and developed to be an anode for sodium-ion batteries. 
Functionally, the CNT penetrates into the petals of SnS 2 micro-flowers to increase the conductivity of SnS 2 , while 
the three-dimensional rGO wraps around the SnS 2 /CNT composite to relieve the volume expansion of SnS 2 during 
the charging/discharging process and construct “rGO conductive bridge ” to accelerate electrode reaction kinetics. 
Benefiting from these exotic functionalization, the SnS 2 /CNT@rGO anode possesses excellent reversible capacity 
and superior cycling stability with a high reversible capacity of 528 mA h g − 1 at 50 mA g − 1 and a retained 
capacity of 301 mA h g − 1 after 1000 cycles at 1 A g − 1 , which are better than most of the previously reported 
Sn-based and carbon-based anode materials. This study offers a promising strategy for significantly improving 






































Concerns regarding to environmental pollution and energy crisis in-
uced by burning of fossil fuels have significantly driven the advance-
ent of renewable and sustainable energy. These renewable energy
ources require more capable and inexpensive energy-storage technolo-
ies [1] . Currently, lithium-ion batteries (LIBs), including portable elec-
ronics, electric vehicles, and stationary storage devices, are supposed
o be the main energy storage technology [2] .Error! Reference source
ot found.Error! Reference source not found.Error! Reference source
ot found.Error! Reference source not found. Unfortunately, owing to
he limitation and heterogeneity of global lithium resources, the cost of
IBs is sharply increasing [3] . Therefore, the searching for low-cost en-
rgy storage technology that uses natural and abundant materials has
ecome a major trend. Recently, since sodium is earth abundant and
ow-cost, sodium-ion batteries (SIBs) show great potential as the alter-
atives to LIBs [4–6] . Compared with lithium ion, sodium ion has a large
onic radius and slow reaction kinetics, which causes greater polariza-∗ Corresponding authors. 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) ion and volume expansion, leading to lower reversible capacity and
oorer cycling stability [7] . Therefore, the cycling stability and specific
apacity of SIBs is still needed to be enhanced to widen their practical
pplications. 
Many studies have focused on the anode materials of SIBs, such as al-
oys and metals [8 , 9] , oxides [10 , 11] , and chalcogenides [12–14] . Par-
icularly, layered transition-metal disulfides, such as MoS 2 , WS 2 , and
nS 2 , have obtained considerable attention because of their high specific
apacities [15] . SnS 2 comprises two closely packed layers of S atoms
ith Sn atoms between them, and adjacent S layers bounded via weak
an der Waals interactions allow sodium (Na) ions to be de-intercalated
nd intercalated by using the conversion or alloying reaction with Na
ons [16] . 
n S 2 + 4 Na = Sn + 2N a 2 S (1)
n + 3 . 75 Na ↔ N a 15 S n 4 (2)higang.chen@usq.edu.au (Z.-G. Chen). 
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SnS 2 offers a high theoretical specific capacity (~1136 mA h g 
− 1 ),
hich is comparable to SnS and other transition-metal dichalcogenides
uch as WS 2 and MoS 2 [16] . Unfortunately, the significant volume
hange of SnS 2 caused by the alloying results in rapid decay of spe-
ific capacity and poor cycle stability [17] . In order to enhance the cy-
ling stability of SnS 2 electrodes, various carbonaceous materials, such
s expanded graphite [18 , 19] , carbon nanofiber/nanoline [20 , 21] , and
orous carbon [22] , have introduced into the anodes for enhancing the
lectrochemical activity of stored sodium ions. However, their specific
apacity and cycle stability are still far to reach used level. Therefore,
earching for new-type anode materials with high specific capacity and
igh cycle stability still remains a huge challenge in SIBs. 
In this study, we develop a rational design of an exotic hier-
rchical SnS 2 /carbon nanotube@reduced graphene oxide composite
SnS 2 /CNT@rGO) via simple solvothermal method combined with an-
ealing processes. Functionally, CNTs penetrate into the petals of SnS 2 
icro-flowers to increase the conductivity of SnS 2 , while the three-
imensional rGO wraps around the SnS 2 /CNT composite to relieve the
olume expansion of SnS 2 during the charging/discharging process and
onstructs “rGO conductive bridge ” to accelerate electrode reaction ki-
etics. Such assembly strategy enables SnS 2 /CNT@rGO anode possess-
ng a high reversible capacity (528 mA h g − 1 at 50 mA g − 1 ) and an
ltra-stable cycling capacity with 301 mA h g − 1 over 1000 cycles at
 A g − 1 for SIBs. After detailed structural and property analysis, we
urther illustrate the underlying physics and chemistry. Our work in-
icates that our hierarchical assembly strategy inspires more advanced
lectrode designs with improved internal conductivity and long-term
ycle stability. 
. Experimental details 
.1. Materials 
SnCl 4 •5H 2 O, Hexadecyl trimethyl ammonium Bromide (CTAB),
hioglycolic acid (C 2 H 4 O 2 S), ascorbic acid and polyvinyl alcohol (PEG
00) were purchased from Shanghai McLean Biochemical Co., Ltd. All
eagents were used to prepare SnS 2 of analytical grade, no additional
urification was required. 
.2. Preparation of SnS 2 /CNT composite 
For a typical process, 0.02 g of CNT, 0.4655 g of SnCl 4 •5H 2 O, 0.35 g
f CTAB, and 0.2579 g of thioglycolic acid were added to 30, 20, 30,
nd 20 mL of PEG 200, respectively, and was magnetically stirred for
0 min. SnCl 4 •5H 2 O solution was mixed with CTAB solution followed
y ultrasonication for 5 min, and then the solution was mixed with the
bove thioglycolic acid solution and CNT solution with magnetically
tirring for 1 h. Once all precursors were dissolved, the stirred solutionas poured into a 200 mL polytetrafluoroethylene reactor and placed
n an oven at 200 °C for 10 h. Then, the autoclave was cooled to 60 °C
n the oven. The SnS 2 /CNT product was centrifugated and washed by
sing standard methods, and dried at 60 °C. In this study, the process
o synthesize pure SnS 2 was similar to the method just described. 
.3. Synthesis of SnS 2 /rGO and SnS 2 /CNT@rGO composite 
Dried SnS 2 /CNT composite (1.5 g) was dispersed into a GO solution
10 mL, 3 mg mL − 1 ) and magnetically stirred for 5 h. Then, ascorbic acid
0.3 g) was dispersed into the mixture. After that, the mixture was placed
n an oven at 90 °C for 3 h and thus a SnS 2 /CNT@rGO composite gel was
cquired. Then, the above gel was freeze-dried using a vacuum freeze-
ryer and further calcined at 573 K in argon (Ar) for 5 h, forming a
owdery hierarchical SnS 2 /CNT@rGO composite. The synthesis process
f SnS 2 /rGO is similar to SnS 2 /CNT@rGO composite, except that the
nS 2 /CNT composite is replaced with pure SnS 2 . 
.4. Materials characterization 
The structural characteristics of materials were characterized by us-
ng X-ray diffraction (XRD, D/max2200PC, Cu K 𝛼), X-ray photoelectron
pectroscopy (XPS, AXIS SUPRA), and Raman spectroscopy (Renishaw-
nvia). The morphology of the composite was analyzed using transmis-
ion electron microscopy (TEM, FEI Tecnai G2 F20 S-TWIN) and field-
mission scanning electron microscopy (FEI, Verios 460, 2 kV acceler-
ting voltage). 
.5. Electrochemical characterization 
Firstly, the slurry was fabricated by mixing 10 wt.% polyvinylidene
uoride binder, 70 wt.% active materials (SnS 2 , SnS 2 /CNT, SnS 2 /rGO
nd SnS 2 /CNT@rGO) and 20 wt.% super P dissolved in N-methyl-2-
yrrolidinone on copper foil. After that, a doctor blade with a thickness
f about 100 μm was used to apply the slurry to the copper foil and vac-
um dry at 80 °C for 10 h. Finally, the film on the copper foil was cut into
 disc with a diameter of 12 mm and an active material loading of 0.3–
 mg cm − 2 as an electrode. The specific capacity of the electrode was
alculated based on the mass of the active material. CR2032 coin cells
ith sodium metal were used to elucidate the electrochemical perfor-
ance of electrodes, and the SnS 2 /CNT@rGO composite was punched
nto 10-mm-diameter disks to use as working electrodes. The coin cells
ere assembled into a half-battery in an Ar-filled glove box contain-
ng oxygen and moisture concentrations maintained below 1 ppm. 1 M
aPF 6 electrolyte solution was dissolved in dimethyl carbonate (DMC)
nd ethylene carbonate (EC) solution with a volume ratio of 1:1. The
oom-temperature electrochemical characterizations were measured in
he LAND test system. 
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Fig. 2. SEM images of (a) SnS 2 /CNT (the 
illustration is an enlarged view of the lo- 
cal SnS 2 /CNT) and (b) SnS 2 /CNT@rGO; 
(c-e) TEM images of SnS 2 /CNT@rGO; (f) 
EDX spectrum of SnS 2 /CNT@rGO; (g) XRD 
patterns of SnS 2 , SnS 2 /CNT, SnS 2 /rGO 
and SnS 2 /CNT@rGO; (h) Raman spec- 
trum of SnS 2 , SnS 2 /CNT, SnS 2 /rGO and 
SnS 2 /CNT@rGO. 
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Fig. 3. (a) Survey, (b) S 2p, (c) Sn 3d, and (d) C 1s XPS 
spectra of the SnS 2 /CNT@rGO composite; (e) Schematic di- 
agram of the Na-ion battery designed in this work; (f) TGA of 
the prepared SnS 2 /CNT@rGO composite room temperature 













a  . Results and discussion 
In order to understand our strategy for the synthesis of hierarchi-
al SnS 2 /CNTs@rGO composite, we schematically plot our procedure
s shown in Fig. 1 . As can be seen, CNTs are firstly sonicated to uni-
ormly disperse in the PEG 200. The tin source, sulfur source, CTAB
nd CNTs are mixed and subjected to solvothermal treatment to pre-are SnS 2 /CNTs. Secondly, SnS 2 /CNTs powder and GO aqueous solu-
ion are mixed and stirred for hours. Thirdly, ascorbic acid was added
nto the solution and then was placed in an oven at 90 °C for 3 h to
cquire SnS 2 /CNT@rGO composite gel. After that, the gel was freeze-
ried using a vacuum freeze-dryer to maintain the hierarchical struc-
ure. At last, the freeze-dried block was further annealed at 573 K in
rgon (Ar) for 5 h to improve the crystallinity, forming a powdery
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Fig. 4. (a, b) Initial galvanostatic and twentieth galvanostatic charge-discharge curves of SnS 2 , SnS 2 /CNT, SnS 2 /rGO and SnS 2 /CNT@rGO at 50 mA g 
− 1 ; (c) Charge 
and discharge curves of SnS 2 /CNT@rGO at 50 mA g 
− 1 ; (d) Cycling stability of SnS 2 , SnS 2 /CNT, SnS 2 /rGO and SnS 2 /CNT@rGO at 50 mA g 
− 1 ; (e) Rate properties of 
SnS 2 /CNT@rGO; (f) Cycling stability of SnS 2 /CNT@rGO at 1 A g 




















































a  ierarchical SnS 2 /CNT@rGO composite. It should be pointed out that
he hierarchical SnS 2 /CNT@rGO composite has a well-interconnected
icrostructure and enough electron transport channels. 
Fig. 2 shows the typical morphological and structural characteristics
f the fabricated SnS 2 /CNT and SnS 2 /CNT@rGO composite. Fig. 2 a is
 typical SEM image of SnS 2 /CNT. As can be seen, well-defined SnS 2 
icro-flowers has a size ranging from 1 to 2 μm. CNT with short length
an be inserted between petals, as illustrated in Fig. 2 a . In addition, SnS 2 
icron petals have more space to accommodate the presence of partially
gglomerated CNTs, as shown in Fig. 2 a . Particularly, the CNTs pene-
rates into the petals of SnS 2 micro-flowers. It should be noted that the
onding strength between CNTs and SnS 2 petals is weak, which may
nduce that the CNTs separate from the SnS 2 petals because of the vol-
me change during charging and discharging processes. In order to al-
eviate the potential separation, atomic-level graphene nanosheets with
xcellent flexibility and conductivity are further introduced to encap-
ulate SnS 2 /CNT to form SnS 2 /CNT@rGO composite. Its typical SEM
mage is shown in Fig. 2 b , which reveals that the graphene network
ell wrapped around the SnS 2 /CNT. TEM was further used to charac-
erize the structural characteristics of the SnS 2 /CNT@rGO composite
nd its typical TEM images are shown in Fig. 2 c-e. As can be seen,
NTs intertwine with rGO and cohere to SnS 2 petals. These CNTs can
mprove the internal conductivity of SnS 2 , and graphene sheets encapsu-
ated on SnS 2 /CNT also constitute a conductive network. Furthermore,
he flexible graphene network provides space for releasing the volume
xpansion during charging and discharging processes. Energy-dispersive-ray microanalysis (EDX) of Fig. 2 f is employed to determine the ele-
ent distribution at the point marked in Fig. 2 b . The results reveal the
resence of elemental S, C, and Sn in the composite. 
The crystalline structures of SnS 2 , SnS 2 /CNT, SnS 2 /rGO and
nS 2 /CNT@rGO were examined by XRD and their corresponding
iffraction patterns are shown in Fig. 2 g . All the main diffraction peaks
an be assigned to 2T-type hexagonal SnS 2 (PDF: 89-2028) [23] for these
hree samples. Moreover, a weak peak at 26° and a broad peak at 22°–
8° for SnS 2 /CNT@rGO can be observed, which indicate the presence
f crystalline carbon [24 , 25] . Raman spectroscopy was used to further
haracterize the SnS 2 , SnS 2 /CNT, SnS 2 /rGO and SnS 2 /CNT@rGO and
he results are shown in Fig. 2 h . The D and G bands appear at 1357 cm − 1 
nd 1595 cm − 1 , which indicate the presence of carbon in composites
26] . The peaks centered at 281–355 cm − 1 are all attributed to SnS 2 
27] . The Raman intensity of SnS 2 in SnS 2 /CNT@rGO is low, which
hould be ascribed to the surface coverage by rGO, which indicates that
nS 2 has sufficient contact with the rGO network [28] . 
Fig. 3 shows the chemical states of SnS 2 /CNT@rGO investigated
y XPS. Fig. 3 a is a full XPS spectrum of SnS 2 /CNT@rGO, in which
n, S, and C peaks can be clearly seen. Fig. 3 b illustrates the high-
esolution S 3 p spectrum of SnS 2 /CNT@rGO, and two strong peaks at
60.9 and 162.0 eV correspond to S 2 p 3/2 and S 2 p 1/2 of S 
2 − in SnS 2 
29] . The spectrum of Sn 3 d in Fig. 3 c contains peaks indicative to
he Sn 3 d 5/2 and 3 d 3/2 states at 487.1 and 495.4 eV [30] . The C 1s
pectrum of Fig. 3 d is decomposed into three peaks at 283.3, 283.9,
nd 287.3 eV, which can be assigned to graphite C –C, C –O, and C = O,
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Fig. 5. (a) Schematic illustrating the formation of the SnS 2 /CNT@rGO composite; (b) The schematic diagram illustrates the high storage capacity and electron 






















































h  espectively [31 , 32] . It should be mentioned that SnS 2 and rGO are
ightly connected by our heat treatment [33] . On the basis of these
hemical states of SnS 2 /CNT@rGO composite, we schematically design
he anode electrode operating mechanism when the SnS 2 /CNT@rGO
omposite material is used as anode in SIBs, as illustrated in Fig. 3 e .
he related electrochemical performance was examined in the half-cell
here Na metal serves as a counter electrode. The SnS 2 /CNT@rGO com-
osite was further analyzed by TGA in the air from room temperature
o 800 °C, as shown in Fig. 3 f . The TGA chart shows that the decom-
osition of rGO and CNT and the oxidation of SnS 2 to SnO 2 result in
eight loss between 400 °C and 640 °C [34] . TGA results show that the
omposite contains about 46.0 % of SnS 2 and 54.0% of rGO and CNT
y weight. 
To verify our advantages of the exotic network microstructure
f SnS 2 /CNT@rGO, CR2032 coins were fabricated by using our
nS 2 /CNT@rGO composite and the measured results are plotted in
ig. 4 . Fig. 4 a - b illustrate the initial and the twentieth galvano-
tatic charge-discharge curves for SnS 2 , SnS 2 /CNT, SnS 2 /rGO and
nS 2 /CNT@rGO electrodes between 0.01 and 3.0 V versus Na 
+ /Na at
0 mA g − 1 current density. Obviously, the charge-discharge charac-
eristics and capacities of the three electrodes are different. The initial
harge capacities of SnS 2 , SnS 2 /CNT, SnS 2 /rGO and SnS 2 /CNT@rGO
t 50 mA g − 1 are 825, 1100, 1100.1 and 1488 mA h g − 1 , associated
ith the initial coulombic efficiencies of 29.6 %, 35.3 %, 35.4 % and
8.3 %, respectively. The twentieth charge capacities of SnS 2 , SnS 2 /CNT
nd SnS 2 /rGO, SnS 2 /CNT@rGO at 50 mA g 
− 1 are 285, 535, 534.6 and
488 mA h g − 1 , associated with the twentieth coulomb efficiencies of6.6 %, 94.9 %, 94.8 % and 94.2 %, respectively. Compared with the
nitial coulombic efficiencies, the twentieth coulombic efficiencies in-
rease by 67 %, 59.6 %, 59.4 % and 65.9 %, respectively. Obviously,
nS 2 /CNT@rGO anode shows increased coulombic efficiencies with in-
reasing the numbers of cycles. 
Fig. 4 c compares the electrochemical performance of
nS 2 /CNT@rGO at different numbers of charge-discharge cycles.
t 50 mA g − 1 , SnS 2 /CNT@rGO has a specific capacity of 1488, 501,
18, 582 and 636 mA h g − 1 and a coulombic efficiency of 28 %, 83
, 91 %, 94 % and 94 % for the first, second, fifth, tenth and twentieth
ycle, respectively. These results suggest that the SnS 2 /CNT@rGO
lectrode gradually stabilizes with increasing the number of cycles.
ig. 4 d plots the cycling properties of the SnS 2 , SnS 2 /CNT, SnS 2 /rGO
nd SnS 2 /CNT@rGO electrodes at 50 mA g 
− 1 . Obviously, the perfor-
ance of the SnS 2 /CNT@rGO is much superior to that of the SnS 2 ,
nS 2 /CNT and SnS 2 /rGO. Due to the electrochemical activation of
nS 2 by the CNTs in the petals, the capacity of the SnS 2 /CNT and
nS 2 /CNT@rGO electrode increases slightly in the first 20 cycles. In
he next 10 cycles, due to the volume expansion, a part of CNTs are
eleased from the SnS 2 petals, and the capacity of the two decreases
lightly. The capacity of SnS 2 /rGO is slightly lower due to the poor
onductivity of SnS 2 . Compared with SnS 2 and SnS 2 /CNT, SnS 2 /rGO is
ore stable because rGO can inhibit the volume expansion of electrode
uring charging and discharging. After 50 cycles, the remaining specific
apacity of the SnS 2 , SnS 2 /CNT and SnS 2 /rGO is only 261, 440 and
89.2 mA h g − 1 , whereas the SnS 2 /CNT@rGO maintains a much
igher specific capacity of 528 mA h g − 1 . Fig. 4 e shows the rate
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Fig. 6. Comparison of the evolution of specific capacity with (a) current density and (b) cycle number of Sn-based and C-based electrode materials (current density: 































erformance of SnS 2 /CNT@rGO at different current densities. As can
e seen, the SnS 2 /CNT@rGO has a capacity of 510, 502, 420, 368,
82 and 230 mA h g − 1 at a current density of 0.05, 0.1, 0.2, 0.5,
 and 2 A g − 1 , respectively. Upon suddenly switching the current
ensity back to 50 mA g − 1 subsequent to 60 cycles, the discharge
apacity is restored to 519 mA h g − 1 , which is almost equivalent to the
riginal value, suggesting that the exotic network microstructure in the
nS 2 /CNT@rGO composite remains intact after exposure to a transient
urrent density. These results indicate that the SnS 2 /CNT@rGO com-
osite overcomes the problems of low conductivity and large volume
hange during charging and discharging processes of SnS 2 . This supe-
ior specific capacity of SnS 2 /CNT@rGO should be attributed to the
nique network microstructure, which promotes the rapid diffusion of
ons, endows SnS 2 with excellent conductivity and provides additional
pace for volume expansion. Fig. 4 f shows the evolution of specific capacity of SnS 2 /CNT@rGO
node with increasing the cycle number. At a high current density of
 A g − 1 subsequent to 1000 cycles, the SnS 2 /CNT@rGO anode still has
 high specific capacity of 301 mA h g − 1 and a high coulombic effi-
iency of 99.6 %. Moreover, the SnS 2 /CNT@rGO anode exhibits extraor-
inary stability with a high retention of specific capacity, for instance
f 98% from 400 to 1000 cycle. We applied electrochemical impedance
pectroscopy (EIS) technology to determine the resistance to ion migra-
ion, as shown in Fig. 4 g. ESI results show that the SnS 2 /CNT@rGO
lectrode has a small charge-transfer resistance (Rct), indicating that
he resistance of the solid interface layer is lower than that of pure
nS 2 , SnS 2 /CNT and SnS 2 /rGO. SnS 2 has a smaller particle contact re-
istance, which is conducive to the transmission of Na + [35] . This can
e attributed to the addition of CNT and rGO, which greatly improves
he electronic conductivity of the layered structure. 
























































































































In order to further understand our excellent cycle stability and spe-
ific capacity of SnS 2 /CNT@rGO anode, we build up the multistage
tructure of the SnS 2 /CNT@rGO composite, as schematically illustrated
n Fig. 5 a . Firstly, at the electrode level, SnS 2 /CNT units are combined
ogether by rGO under high temperature treatment to form a hierarchi-
al composite structure, which is essential for high specific capacity of
he anode for SIBs. Secondly, the large SnS 2 petals can significantly re-
uce diffusion/migration barrier to enhance Na + insertion, and in turn
nhance the utilization rate of active materials. Meanwhile, CNTs serve
s good electron conductors in SnS 2 /CNT@rGO, which are conducive to
lectron transmission. Thirdly, the rGO thus relieves volume expansion
f the electrode and serves as a “bridge ” to connect SnS 2 /CNT units,
hich is conducive to electron transmission throughout the electrode,
s schematically shown in Fig. 5 b . 
In order to compare the electrochemical performance between our
nS 2 /CNT@rGO electrode and other SnS 2 -based electrode materials re-
orted previously, their evolutions of specific capacity with current den-
ity and cycle number are plotted in Fig. 6 . Obviously, the cycle stability
nd specific capacity of our SnS 2 /CNT@rGO electrode are superior than
ost of the previously reported Sn-based and C-based electrode materi-
ls. This should be attributed to the rapid electron transport ability and
 great degree of relieving the volume expansion during charging and
ischarging of the network microstructure. 
. Conclusion 
In summary, we use solvothermal and freeze-drying process
ombined with annealing to fabricate SnS 2 /CNT@rGO composite
ith unique network structure for ultra-stable sodium-ion batteries.
nS 2 /CNT units group together by rGO to form a hierarchical structure
n SnS 2 /CNT@rGO composite. The exotic structure not only effectively
nhances the conductivity and relieves the material volume expansion
uring charging and discharging, but also builds an “rGO conductive
ridge ” to accelerate electron transport and improve electrode reaction
inetics. The obtained SnS 2 /CNT@rGO composite, used as an anode of
odium-ion battery, shows excellent reversible capacity and superior
ycling stability with a high reversible capacity of 528 mA h g − 1 at
0 mA g − 1 and a retained capacity of 301 mA h g − 1 after 1000 cy-
les at 1 A g − 1 , which are superior than most of the previously reported
n-based and C-based electrode materials. Our study offers a promising
ath to significantly improve the cycling stability of SnS 2 and advance
ltrahigh-stability electrode materials for sodium-ion batteries. 
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